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Introduction

This document describes the specification and implementation of an UML (Unified Modeling
L anguage) tool supporting Agile MDA (Model Driven Architecture). This introduction chapter
gives some background of the UML, UML profiles and MDA.

UML Standardization through OMG

From version 1.5 onwards, the OMG' (Object Management Group), responsible for the
standardization of UML and MDA (Model Driven Architecture) introduced OCL (Object
Constraint Language) and UML profiles. Both enrich the UML meta-model, but also the user
defined application model.

The purpose of an UML profile is providing a customization mechanism to specialize a UML
modeler such that it guides, checks and automates a UML development. An UML profile defines
stereotypes, rules, constraints and code specifications. When applied to an UML model, it
enriches that model and checks whether it conforms to the constraints and rules. It also may
produce various project products, such as documents, test sequences, metrics, ...etc.

An UML profile incorporates the know-how of users concerned about the development process
for different application domains and the quality of the development work. An UML user may
apply several UML profiles to one UML model or apply different UML profiles at different
development phases. The idea of MDA is having specialist users to define profiles for specific
domains and user to analyze, design and implement projects within those domains (see Figure 1).
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= = Profile Modeler 1 ',I:,
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Process Engineer Analyst
Quality Engineer Designer

Domain Specialist

Figure 1: Model Driven Architecture using profiles

Positioning the Object Constraint Language (OCL)

The Object Constraint Language can be used for three purposes (see Figure 2):

1. The Object Management Group (OMG) uses OCL to define constraints on the objects in the
UML meta-model (see the top part of Figure 2). These constraints are defined in the UML
superstructure specification and are part of the standard UML specification.

2. A domain specialist may define additional constraints on the objects in the UML meta-model.
These constraints are defined in an UML profile (see the middle part of Figure 2). An example
of such a constraint may be that multiple inheritances are not allowed within the domain for
which to model.

3. While creating a model, an application user may define constraints on it. These constraints
apply on the application model and not on the UML meta-model (see lower part of Figure 2).

! See also http:/www.omg.org/ or more specifically http:/www.uml.org/
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Figure 2: Modeling with OCL

The OMG also defines four levels of models:

1. MO: the actual user defined application, creating user objects.

2. M1: the application model, as shown in Figure 2, at the bottom right.

3. M2: the UML meta-model, as shown in Figure 2, at the top right.

4. M3: the UML meta-meta-model, defining a structure to store the UML meta-model and
possibly also other meta-models.
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The Agile MDA Tool

The Architecture of the Agile MDA Tool

Figure 3 gives an overview of the architecture of the Agile MDA tool, consisting of three parts:
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Figure 3: Architecture of the MDA Tool

1. The UML editor. This is the main tool and offers a graphical interface to define an application
model, to check its constraints, to transform a model into another, transform a model into code
and to produce documents. To perform these tasks, the UML editor uses profiles defined by

the other tools:

- It uses an UML profile to display the required graphical representation of the different
(stereotyped) objects, to check the constraints (interpreting the OCL constraints), to
transform one model into another and to generate code.

- Ituses a document profile to produce the required documents from a given UML model.

2. An interactive profile builder. A profile contains domain specific OCL constraints, model
definitions, model transformations, code generator(s), diagram specifications, graphical
representations of classes and associations, stereotypes, ...etc. To activate a profile, it must be
loaded into a model, using the UML editor.

3. An interactive document generator. This generator uses a document (description) profile, in
which the user defines the content of the required document and the order in which the data
from the UML model should appear. To create such a document profile, there is an interactive
document profiler, using the UML meta-model as its driver

An UML profile may contain transformations and code generators. Both are expressed in OCL,
extended with specific constructs to create UML model elements or to produce code. In fact,
OCL offers powerful navigation mechanisms and a complete set of functions to handle
collections. These can be used to transform UML associations and generalizations into sets of
classes, which in turn can be used as drivers for transformations and code generations. The next
chapter explains the different OCL extensions for transformations and code generations.
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5 Validation of an Application Model using Constraints
To illustrate how OCL constraints operate, consider a simple class diagram, shown in Figure 7:

Class B inherits from class A, class C inherits from B and class A inherits
from class C. This is a circular inheritance, which is not allowed in UML.
So, when validating this model, the UML editor should give at least one
error message.

As this is an error condition that applies to classes, the OCL constraint to
check it must be attached to a class type (or its parent type, called
Classifier).

The OCL constraint checking this condition is:
context Classifier
inv: not (self_AllParents(Set{}) -> includes (self))

AOF—D T —D >

<

Figure 7:  Simple The operation "AllParents" builds the set of all direct and indirect parents of
class diagram a classifier and checks if the classifier belongs to that set ("includes"). If so,
the model contains an error and the constraint fires.

Clearly, this constraint does not work without the companion operation "AllParents":

context Classifier
def: AllParents(in callerParents: set(Classifier)):

let parents = general,

gen = callerParents -> union(parents)
in parents ->
union(parents ->
collect(p | if callerParents -> includes(p)
then

set{}

else
p-AllParents(gen)
endif

) >
AsSet()

This operation introduces two variables: "parents" contains the direct parents of the classifier for
which this operation has been called and "gen" contains the union of the direct parents and the
set of classifiers passed as a parameter to this operation.

The operation then iterates through the list of direct parents to find their parents by a recursive
call. This recursion stops if there are no direct parents (set in "parents" is empty, so there is no
iteration) or when the set passed as a parameter already contains the class found in the direct
parents (if statement in the collect predefined operation).

When entering the class diagram of Figure 7 into the UML editor and performing the validation
command, the UML editor will evaluate all constraints associated to all UML elements in the
UML model and display messages for all constraints that were violated in the model. In this
example, the UML editor will display three validation errors, as shown in Figure 8.
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A constraint definition consists of the following parts (see the right part of Figure 9):

Its name. This name appears at the beginning of a validation error message.

Its error level. The UML editor offers three levels (error, warning and hint). When performing
a global validation, the user may decide only to see the errors and hide the other messages.
The message to display when a constraint is violated.

The OCL definition of the constraint.

When validating a large UML model, many constraint errors may result. The user can limit this
number by setting an upper limit on the number of errors to display or by hiding the warning and
hint messages. However, it is also possible to use a limited validation on an UML element:

When selecting the "Validate" command in a definition window (see the window in the upper
right corner of Figure 8), only the constraints for that UML element are validated.

When selecting a constraint first and then selecting the "Validate" command in a definition
window, the UML editor only validates this single constraint.

Although meant for the expert (domain) user, the UML editor also allows debugging an OCL
constraint. When the user selects a constraint and clicks the "Debug" command (see the window
in the upper right corner of Figure 8), a debugger window comes up as shown in Figure 10:

Figure 10: Debugging an OCL constraint

The top window shows the OCL texts that are currently evaluated. The bar at the left shows
the executable OCL statements (blue dots) and the arrow shows the currently executed line.
The variables window at the left shows the variables in effect, together with their type,
between brackets. Selecting one of them shows all its details in the window at the right.

The call stack window at the left shows the list of operations currently in execution, together
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with their context name between parentheses. Clicking on an element of the call stack
displays the corresponding OCL source and variables.

The sources window shows the list of sources together with their context name between
parentheses. These sources are the ones needed for the currently evaluated OCL expression.
Initially, this window shows the sources that could be detected statically. However, some
sources can only be determined at runtime. These sources only appear in this window the first
time they are called.

Clicking on an element of the sources list displays the corresponding OCL source and
breakpoints. This allows a user to set breakpoints without having to wait until an OCL source
is executed.

The small window at the bottom show the result of the constraint evaluation (True or False) or
show a runtime error message when an exception has occurred during the evaluation.

The action bar at the top of the debugger window contains the debugger commands:

The Run command executes the OCL constraint up to the next breakpoint or until the end of
the constraint has been reached.

The Sep command executes the next OCL line, marked with a blue dot.

The Breakpoint command marks a line with a breakpoint (showed as a red dot). When
executing an OCL constraint it stops when reaching that breakpoint.

The Clear Breakpoints command clears all breakpoints set in the different OCL sources.

The Reset command restarts the execution of the OCL constraint and resets all variables.

The Exit command leaves the debugger.
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External Constraint Specification on an Application Model

An UML editor is a generic tool to develop and investigate a model. When using it in the context
of a domain, one may define a set of informal rules and conventions to express or model domain
specific knowledge and information. However, the OMG has introduced UML profiles to enrich

an UML editor with domain specific knowledge, conventions and constraints.

The interactive profile editor offers a user interface to define and edit UML profiles. It contains a
part to define the elements needed within a given domain and another part to specify constraints
and a code generator for that domain. The next sections describe both parts in more detail.

The Representation Part of a Profile

Figure 11 shows the first tab of the profile editor, in which the expert domain user can define the
UML elements that apply within a given domain:
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Figure 11: The representation part of a profile

o Exposed eements are the UML elements that may be used within the domain. These
elements may be chosen from the list of all available UML elements, which the profile editor
gets from the UML meta-model. An UML element may or may not have a specific stereotype.
This stereotype is a user defined name and refines the generic UML elements.

e Diagram definitions are the UML diagrams that are supported within the domain. If a model
contains other diagrams than defined in a profile, they are hidden when that profile is loaded.
There are two types of diagrams:

- Predefined ones: to allow a particular diagram in a model, simply check it.

- User defined ones: by clicking the Add button, the user may define a new diagram, even
diagrams that are not defined by OMG.

e Shape objects allow defining the shape of different UML elements appearing in a diagram.
Equal UML elements, but with a different stereotype may be represented differently. This
greatly enhances the readability of diagrams. The profile editor offers a set of basic shapes

(rectangle, ellipses, diamonds,

representation of an UML element.
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Code Generation using the Code Specifications

To keep the complexity of a large UML model under control, a user may use a hierarchy of
packages. Each package may in turn contain several UML elements (e.g. classes) and diagrams.
When generating code for an application, it may be necessary to select a subset of the model for
which to generate code.

The UML editor considers a package having the stereotype "GenerationSet" as a container of
packages and classes for which to generate code. Figure 18 shows the definition of a generation
set for the small model shown in Figure 7 (although this model contains validation errors so that
the UML editor would not generate any code for it). The generation set selects the package
"Examples" and the three classes in that package (class A, B and C).
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Figure 18: Defining a generation set

The "Generate" command in the UML editor brings up a window  [E==—mmsssss _ois
as shown in Figure 19, in which the user has to select the required o o
generation set, defining the sub set of the model for which code has | s e s

to be generated, and selects the folder (directory) in which to place

the generated code file(s). This latter string is passed to the
"OutputControl" context definition (see sections 3.3.2 and 6.2). |

e
When removing the generalization from class A to class C in Figure |
7, the cyclic inheritance disappears and it becomes possible to E—3 M5
generate code for the model. It is beyond the scope of this [

document to describe the code generator in detail (see chapter 3 and
section 6.2 for a description of the concept). The code generator in
the profile used produces 4 files per class and one global file for the
application. The most straightforward of these files is the one containing a constructor for each of
the classes in a model. The "OutputWriter" context definition for these files is given below:

Figure 19: Generating code
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| acc +
os.WriteLine(" " + typ2.ClassUnitNameString() + *,")
+

os.WriteLine(®" Factory;") +
os.NewLine() +
os.WriteLine("{$1 " + ImplementationFileName() + "}") +
os.NewLine() +
os.WriteLine("constructor " + cIName + "_Create;") +
os.WriteLine("begin®) +
os.WriteLine(" inherited;") +
os.WriteLine(" InitAttributes®) +
os_WriteLine("end { " + cIName + "_Create };") +
os.NewLine() +
os.WriteLine("destructor
os.WriteLine("begin®) +
os.WriteLine(" inherited®) +
os_WriteLine("end { * + cIName + "_Destroy };") +
os.NewLine() +
os.WriteLine("procedure " + cIName + "_InitAttributes;") +
os.WriteLine("begin®) +
os.NewLine() +
os_WriteLine("end { " + cIName + "_InitAttributes };") +
os.NewLine() +
os.WriteLine("end { unit " + ClassUnitNameString() + " }.7)

+ cIName + *"_Destroy;") +

<> 0

As can be seen from this specification, an "OutputWriter" context declaration is a combination of
OCL navigation and set operations with calls to predefined operations on a "TextFile" variable.
This "OutputWriter" context declaration is called from the "OutputControl" context declaration,
which in turn was called through the "Generate" command in the UML editor.

This "OutputWriter" is also the most straightforward and its code generation pieces are quite
easy to follow. This may be a great advantage for applications where any change in the model
must be traceable into the code.

The generated code is Delphi Pascal. This gives the following result for the class B (from Figure
7, where the inheritance between class A and class C has been removed):

{$B-}
unit CIB;
interface

uses
Classes,
ObjList,
DbObject,
ClIA;

{$1 DbB.Fid}

type
Cls_B = class(Cls_A)
public
constructor Create(nObjID: Integer;
pFactory: CTBaseFactory = nil); override;
destructor Destroy; override;
private
procedure InitAttributes;
{$1 DbB.dcl}
end { class Cls B };
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implementation

uses
Factory;

{$1 DbB.imp}

constructor Cls B.Create;
begin
inherited;
InitAttributes
end { Cls _B.Create };

destructor Cls B.Destroy;
begin

inherited
end { Cls_B.Destroy };

procedure Cls_B.InitAttributes;
begin

end { Cls _B.InitAttributes };

end { unit CIB }.

It is clear that this code example is rather trivial, as the example used is very simple. However,
remark that the generated code derives class B from class A (see the type declaration above), as
is the case in the UML model.

As the "OutputWriter" context declaration is part of a profile and defined outside the UML
editor, it is possible to define a code generator for another language than Delphi Pascal, e.g. Ada,
Java or even to generate tests.

For its own projects, E2S has defined a complete Delphi Pascal code generator, which directly

translates an UML model into Delphi code. The code above is an excerpt from this code
generator.
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Runtime (OCL) Constraints

Defining Runtime OCL Constraints

Classifiers, attributes and operations in a model may contain one or more runtime OCL
constraints. Currently, these are restricted to invariants, that is, they have to return a Boolean
value.

To enter such a constraint, double click on an object (e.g. a class) in a diagram or from the tree
view and select the tab "Constraints' in the window that comes up. At the bottom of that
window, the application user may define runtime constraints, by clicking on the "Add" button.
This brings up a second window in which to enter the constraint text. Figure 20 summarizes the
process:
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Figure 20: Adding a runtime constraint

A runtime constraint may be given in OCL, as a free text or as source code. In case the user

wants to enter OCL text, the object context, derived from the model, becomes important (see

Figure 21):

e The selected class is the direct context for the OCL text.

o The class may contain attributes, such as the attribute "al", derived from the class "O".

e The class may have associations with other classes. When these associations have named
association ends, such as "bb" of the association "AB", these appear as relations of the object.
In Figure 21, the relation "bb" is an ordered set of classes "B".

¢ The class may contain operations.
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Figure 21: The object context of an OCL runtime constraint

The OCL text may use all elements of the context shown. The OCL text in Figure 21 states that
the application must contain at least one object of the class B associated with an object of the
class A.

When finished entering an OCL text, the Validate button checks it for its syntactic correctness.
When entering free text or source code, there is no validation.

Evaluating Runtime (OCL) Constraints

As runtime constraints address application model objects, they cannot be evaluated during the

modeling process. Instead, they have to be transformed or copied (in case of free text or source

code constraints) into application code. The way to do that is through OCL code in the

generators:

e As explained in section 9.1, runtime constraints may be defined for classifiers, attributes and
operations. So, when navigating to such an UML object, the relation "constraint”" returns the
list of constraints associated to that UML object. Iterating through this list, gives the single

constraints:
context Class <<PlugClass>>
outputWriter: OutputConstraints(in os: TextFile): Integer =
constraint->iterate(cns; acc: Integer = 0 | ..)

In the OCL text above, the iterator "cns' contains a constraint from the list of constraints
associated to a given class ("context Class")
e An UML constraint has two attributes of interest for a generation:

"ContentKind", is in integer attribute describing the kind of runtime constraint (0 = OCL
constraint, 1 = free text and 2 = source code).

- "Body" is a string attribute containing the ASCII text of the runtime constraint. For free
text and source code runtime constraint, this is sufficient to copy the text into a generation
file.
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e An UML constraint also has the operation "GenerateCode", which transforms an OCL
constraint into a tree of OCL model elements (see further), which can be interpreted for code
generation. This operation contains two parameters:

- Atext file on which to write the generated code for the runtime OCL constraint.

- Astring value defining the operation to call for the generation of OCL model elements (see
further).

Figure 22 shows the OCL code to navigate through the list of runtime constraints and generate

the required code.
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Figure 22: Navigating through the constraints and generating code

e The call to "GenerateCode" transforms a runtime OCL constraint into an expression tree. The
elements of this tree are OCL model elements, corresponding to the OCL meta-model. This
model defines different kinds of OCL expression meta-elements: literals, sets, if-expression,
let-expression, ...etc. All of these meta-elements are derived from the single meta-element
"OclExpression", as shown in Figure 23.

e To generate code for this expression tree, the user needs to know what kind of OCL model
element the top of that tree is and how to navigate through that tree:

- As a runtime OCL constraint may be any kind of OCL expression, the top of the
expression is may be any kind of OCL model element.

- For a given OCL model element, the OCL meta-model defines how to navigate to the child
and sibling elements. For example, in Figure 23, an OCL variable expression refers to a
variable, which in turn may have an initialization expression.

November 2, 2006 Page 41



E2% mn.v. - Software Engineering Runtime (OCL) Constraints

o ] T X s

L (e, |

e G |
-y
3 lm:1 O apraa s vl
= X R -\-\-\-\"
~ I N T
_J II 2 H-\H
bl | O S T :
Frogutp ks [ Lisi@Eg | | rEw ] | ValasisEg
Sy
e -"ﬂ-\.\__\_\__\_\-.-\-
1 B = .-\-""--.__ o B I
mﬂan-mmlEml | LeosEss
5 I"'. B 7 b ki R
_I-"l "-" N et
.lr ll"l.. smbirtibed LEERg —
,-"' L[]
/ \ e,
l NarasEm | | [ [ ] I

Figure 23: The OCL meta-model (a part of)

e For each kind of OCL expression from the OCL meta-model, the profile editor may contain
OCL generative code, as shown in the overview of Figure 24. The generator "PP" is called
through the special operation "GenerateCode", using its second parameter to locate the
required generator. This allows defining several generators for the same runtime OCL
constraint (if necessary).
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Figure 24: Generative code for each OCL meta-model element
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e The OCL code for the generator is straightforward:
context OclExpression
outputControl: PP(in os: TextFile): Integer =
DoPrettyPrint(os)

As the context for this code is an OclExpresssion and all OCL model elements are derived

from this element, this generator is called for any kind of OCL model element.

e The generator in turn calls a writer called "DoPrettyPrint". If there is a writer with that name
for each OCL model element, the writer corresponding with the kind of OCL model element
at the top of the expression tree will be called. Suppose the runtime OCL constraint is an if
expression, the top of the expression tree will be an OCL model element called "IfEXp" (see
Figure 23). As there is a write for this OCL model element (see Figure 24), it is called from
the generator.

e Once in a given writer, it is now possible to navigate through its child or sibling elements.
Figure 25 shows the generative code for an OCL if expression:

- The writer code illustrates how to produce a pretty printed version of the OCL if
expression. For a real generator, the writer code should produce real application code.

- An OCL if expression has three sub-expressions: the condition, the then-expression and the
else-expression (see the right part of Figure 25).

- The writer code calls the writers associated to these three sub-expressions. Note that the
top of these three sub-expressions may be any kind of OclExpression. Calling their
"DoPrettyPrint" automatically executes the writer corresponding with the kind of OCL
model element at the top of their expression tree.

- If there is no writer for a given kind of OCL model element, the writer from the parent is
taken. If there is no writer at all, not even for OclExpression, a runtime error will occur
during the execution of the generator.
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Figure 25: A writer to navigate to the child OCL model elements of an OCL if expression
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